The chemotactic response to galactose in wild-type Salmonella typhimurium is not inducible by galactose, but is inducible by fucose, a non-metabolizable analog. In a galactokinase mutant, however, the galactose receptor is inducible by galactose. These data indicate that the concentration of free galactose in the cell controls the levels of the galactose receptor. The intensities of the chemotactic responses were found to vary in proportion to the concentration of galactose receptors. In bacteria with higher levels of galactose receptors, the ribose response is inhibited by galactose. This supports the model in which the ribose and galactose receptors compete for a common component of the signaling system.
type Salmonella typhimurium, on the other hand, growth on galactose does not influence the levels of the galactose receptor (16) . However, it has been reported that the ,8-methyl galactoside permease (which includes the galactose receptor) of both E. coli and S. typhimurium can be induced by growth in the presence of D-fucose (16, 18) .
The pattern of inducible versus constitutive proteins in an organism is particularly interesting for studies of chemotaxis because it gives clues to the adaptability of that organism to nutrients enQountered in the environment. The apparent differences in receptor inducibility between S. typhimurium and E. coli (Table 1) are intriguing in view of the general similarity of these organisms in both their metabolic and genetic properties. Specifically, the failure of galactose to induce the galactose receptor in S typhimurium was puzzling when compared with the behavior of E. coli. This difference had further ramifications for the mechanism of chemotaxis, because a model has been proposed (20) in which the receptors for galactose and ribose compete with each other for a common signaling system component, and hence competitive concentration effects should have an influence in the behavior of this organism. For these reasons, a study of the conditions of induction of the galactose receptor in S. typhimurium was initiated.
MATERIALS AND METHODS Bacteria. S. typhimurium strain STI is derived from strain LT2 (6) . S. typhimurium SL3580 is a galK derivative of strain LT2 and was generously provided by H. Nikaido, University of California, Berkeley.
Capillary assay. The capillary assay was performed by a slight modification of the procedure of Adler (2) in which a capillary tube containing attractant was placed in a commercially supplied holder (Microcap; Drummond Scientific) containing the bacterial suspension. Standard growth conditions involved incubation with agitation at 30°C in Vogel Bonner citrate medium (VBC) (21) with D-fucose or D-galactose added to the growth medium as indicated. Bacteria which had been grown to mid-logarithmic phase and diluted to 5 x 106 cells per ml in VBC were exposed for 30 min at 30°C to capillaries containing designated amounts of attractants with or without inhibitors. When an inhibitor was used, it was included in both the bacterial suspension and the capillary attractant solutions. After incubation the capillary contents were diluted into sterile saline solution and plated onto nutrient broth plates. The colonies were counted after overnight growth at 37°C. than cells grown in the absence of fucose, but in both cases the response to ribose remains the same. D-Fucose is a non-metabolizable analog of galactose which can bind to the galactose receptor (9, 20) . As Fig. 1 shows, bacteria grown in VBC responded to galactose, with a maximum response occurring at i0' M galactose. Bacteria grown in VBC plus 1 mM fucose also responded maximally at i03 M, but the strength of the response was 10-fold greater. This increase in amplitude rather than a shift in the peak position indicates that the numbers of galactose receptors were increased rather than that their properties (such as binding constant to galactose) were changed (14; Anderson and Koshland, manuscript in preparation). Furthermore, bacteria grown in 1 mM fucose demonstrate an increased response time to galactose as determined by the tumble frequency assay (19; J. B. Stock, unpublished data).
To insure that the changed response is specific to the galactose receptor, capillary tests for ribose were performed. All capillary assays were normalized to the serine response. The results (Fig. 2) show that the ribose response was essentially unchanged whether cells were grown in the absence or presence of fucose; the difference in peak heights is within the error of the assay.
To demonstrate that the increased chemotactic response to galactose is actually due to an increase in the levels of galactose receptor, SDSpolyacrylamide gel electrophoresis was utilized. Bacteria grown in the presence of fucose showed a band present at the molecular weight of the galactose receptor on 10% polyacrylamide gels, whereas bacteria grown in minimal medium showed no such band (Fig. 3, lanes 3 cules per cell (20) , at the borderline of detectability on SDS gels under these conditions. Thus, the appearance of a band in the fucose-induced cells corresponds well with the chemotactic response which indicates a 10-fold increase of the galactose receptor. A control experiment showed that the amount of ribose receptor on gels was not increased by growth in the presence of fucose (Fig. 3 , lanes 3 and 6, and 8 and 11).
Fucose was also tested as an attractant. The results indicate that the response to fucose is due to fucose binding to the galactose receptor. As Fig. 4 shows, fucose is a weak attractant as judged by absolute numbers of bacteria attracted into the capillary. The maximum response occurred at 10-1 M fucose, a concentra- tion two orders of magnitude higher than that for the galactose response. This is in agreement with the relative strengths of the binding constants of fucose and galactose to the galactose receptor (20) . In previous studies of competition of fucose with galactose for the purified receptor, fucose was found to bind 104 times less effectively than galactose. The additional two orders of magnitude difference is due to the fact that fucose is non-metabolizable, whereas galactose is metabolized during the capillary assay (2) .
Induction of ribose response by growth on ribose. In contrast to the evidence in E. coli (3), previous reports based on binding assays have stated that the ribose receptor of S. typhimurium is constitutive (6) . Figure 3 sponse to ribose (10-4 M ribose), the effects of various amounts of galactose were studied. Galactose was tested for inhibition of ribose taxis by placing galactose in both the capillary and the bacterial suspension, whereas the ribose was present only in the capillary. Figure 5 shows that bacteria grown in the medium with fucose as an inducer showed increasing inhibition of the ribose response with increasing concentrations of galactose. In fact the ribose response was completely inhibited at 10-5 M galactose and higher concentrations, representing complete saturation of the galactose receptor by galactose. Bacteria grown in the VBC medium alone, however, maintained the same level of chemotaxis toward ribose over the entire range of galactose concentrations (10-l to 10'-M; data not shown).
Galactose as an inducer of the galactose receptor. Growth of ST1 cells in VBC plus galactose failed to increase the chemotactic response to galactose at detectable levels. The capillary assay curves were essentially identical to those shown for the wild type in Fig. 1 . On the other hand, SDS gels of ST1, but not LT2, did show a small increase in the amount of galactose receptor, since a faint band appeared at the position of the galactose receptor with ST1 cells grown in medium containing galactose (Fig. 3, lanes 3 and 7) . These results are consistent with our experience with the capillary assay and the amounts of the galactose receptor. The variability of the capillary assay is such that at such low levels, a small increase in the amount of receptor is insufficient to provide a measurable response. In fucose-induced cells, however, 12-fold-higher amounts of receptor (as measured by densitometry of the slab gels) produced a large increase in response. Thus, the barely visible amounts of galactose receptor in gels prepared from galactose-induced cells (corresponding to approximately 2 x 103 to 4 x 103 copies per cell) is apparently just on the borderline of detectability for the gel system and for the galactose response in the capillary assay.
Induction of galactose receptor in galactose kinase-deficient cells. The galactose receptor of SL3580 (LT2 his-519galK) is inducible by growth on galactose. This is shown by the appearance of a band corresponding to galactose receptor on SDS-polyacrylamide gels in SL3580 cultures grown in the presence of galactose. This band was not present with cells grown in VBC alone (Fig. 3, lanes 1 and 2) . It Table 1 .
The responses of S. typhimurium to serine and aspartate are not altered by growth on these amino acids. The response to mannitol, which occurs maximally at a concentration of 10-M mannitol, can be induced up to sixfold by growth in the presence of 1 mM mannitol. The response to sorbitol, which occurs maximally at a concentration of 10-1 M sorbitol, can be similarly induced. N-acetylglucosamine response was also inducible approximately fourfold by growth in the presence of this sugar. With N-acetylglucosamine, however, the maximal response occurs at two concentrations, 10-1 and 10-3 M. Although the N-acetylglucosamine used in this study was found to be free from contaminating sugars by thin-layer chromatography, it is likely that the peak at 10-' M N-acetylglucosamine is due to glucose taxis. Sufficient amounts of glucose may be produced via metabolism of Nacetylglucosamine during the assay to produce the additional response.
The foregoing results indicate a similarity for the sugars mannitol, sorbitol, and N-acetylglucosamine with data from E. coli, but S. typhimurium and E. coli differ for two other sugars. Although S. typhimurium responds to fructose (maximum response at 10-2 M), growth in the presence of 3 mM fructose does not affect the response to this sugar. Furthermore, no induction of a response to trehalose was detectable with bacteria grown in up to 3 mM trehalose.
The trehalose response itself is extremely weak and is probably be due to glucose produced during the assay.
DISCUSSION
Induction of the galactose receptor in ST1. We have shown that growth of wild-type S. typhimurium in the presence of fucose increased chemotactic response to galactose in the capillary assay and resulted in the appearance of a protein band in the position of the purified galactose receptor on SDS slab gels. This is in agreement with similar work in both S. typhimurium and E. coli (13, 16, 18) . Previous studies on purification of the galactose receptor from ST1 wild-type cells showed approximately 103 galactose receptors per cell in uninduced cultures by filter-binding assays (20) , and this amount agrees with the concentration calculated from the barely visible band occurring upon gel electrophoresis and with the relative strength of the galactose response in our capillary assays. Growth in the presence of fucose increases the strength of the capillary response by 10- Galactose as an inducer of the galactose receptor. The fact that fucose, a galactose analog, induces an increased number of galactose receptors is not in itself too surprising. But the failure to observe a similar increase by galactose itself was puzzling. In the wild-type S. typhimurium, the galactose receptor is not induced by galactose and is present only at low levels. Our experiments with SL3580 show that in a galK mutant the galactose receptor is inducible by galactose. The difference in the two cases would appear to be in the concentration of free galactose or a secondary galactose metabolite present in the cell. In the galK mutant, where galactose is not phosphorylated, it can build up in the cell and induce the galactose receptor. An alternative way of building up an apparent galactose concentration is to use its analog, D-fucose, which is not metabolized (1, 9) . Hence in the wild type, the very low levels of galactose receptor induced by galactose and the high levels induced by fucose are mutually consistent and related to the effective amounts of free galactose present inside the cell.
The role of internal galactose as an inducer of the /B-methylgalactoside transport system has been suggested previously (13, 22) . It is also possible, in the light of the example of the lactose operon (11) , that the inducer of the galactose receptor is a secondary metabolite of galactose. In this case as free galactose or fucose builds up in the cell, a secondary reaction which normally does not occur in the presence of active galactose kinase might occur, and this secondary product then could induce the galactose receptor. Inducible and noninducible receptors. The discovery that S. typhimurium sugar receptors could be induced is not unexpected considering the diversity of inducible and constitutive receptors already studied in the gram-negative bacteria. Our results provide evidence that S. typhimurium and E. coli are more alike in receptor inducibility than was originally apparent. A survey of the receptors for chemotaxis of both E. coli and S. typhimurium reveals some interesting correlations ( Table 1 ). The major amino acid receptors (serine and aspartate) are constitutive, whereas most sugar receptors, with the possible exception of a glucose receptor in E. coli and the fructose receptor in S. typhimurium, are inducible. One possible reason that the bacterium seems to rely more heavily on amino acids is the fact that the particular amino acids involved are readily metabolizable to form both carbon and nitrogen sources. They are better nutrients than the sugars which provide carbon sources only. Thus, the carbohydrates become an auxiliary source of carbon which can be used in addition to the more attractive nutrients. Furthermore, key compounds may act as basic signals, just as flavors and odors provide basic signals for higher species without the necessity that every nutritive compound provide its own signal. A bacterium traveling toward the source of two amino acids in decaying tissue is likely to encounter further amino acids, because little free sugar accompanies tissue breakdown under most circumstances. Thus a combination of some inducible and some constitutive responses provides a repertoire of adaptability and survival which serves the organism well.
